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A Telemetrlcal Spl~.erometer and Focometer. 91 

great accuracy is required, i~ certainly saves an enormous 
amoun~ of labour in cases where an error of 1 or 2 per cent. 
is unimi)ortant. 

The experience gained in the construction of the present 
instrument shows that it would be qui~e feasible to increase 
the number of elements to several hundred~ or even to a 
thousand, with a proportional increase in the accuracy of the 
integrations. 

Finally, it is well to note that the principle of summation 
here employed is so general that it may be used for series of' 
,~ny functions by giving to the points p the motions corre- 
sponding to the required functionsj instead of the simple 
harmonic motion furnished by the eccentrics. A simple 
method of effecting this change would be to cut metal tem- 
plates of the required forms and mount them on a common 
axis. In fact, the harmonic motion of the original machine 
was thus produced. 

VII .  A Telemetrical Spherometer and Focometer. 
By Prof. W~ S~rIiOUD, ~D.Sc., M.A.* 

H A V I N G  been engaged for the past eight years in con- 
junction with Prof. Burr in the construction and 

perfecting of naval range-finders, it was natural that I should 
turn my attention to the possible application of telemetrical 
principles to physical measurement. 

One very obvious application is to the determination of (1) 
the radius of curvature of a concave and especially of a convex 
surface, and (2) the focal length of a convex and especially 
of a concave lens. The problem of finding the position of 
the image of an object in a convex mirror or a concave lens 
is essentially a range-finding problem. 

For  the particular purpose in view the most suitable form 
of range-finder is a constant-range instrument, i. e. an instru- 
ment (whose optical parts are rigidly f ixed)which can be 
translated along an optical bank and will indicate when an 
object or image is at the specified range. The mode of action 
of the instrument will thus be very like that of an ordinary 
short-focus telescope as commonly used on optical banks, but 
a short-focus telescope is essentially bad as a range-finder, 
and that for the following reasons : - -  

(1) As is well known, when using such a telescope it 
is advisable to cover up the middle portion of the objective 

. Communicated by the Physical Society: read Oct. 297 1897. 
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9"2 Prof. W. Stroud on a Tdemet r l ca l  

so that only the extreme beams are used to form the image. 
In this way a crude range-finder is formed, which suffers from 
a radical defect, arising from the fact that the beams enter the 
eye in different directions, so that any alteration in the accom- 
modation of the eye produces a duplication of the image. 
An attempt is made to avoid error from this cause by 
keeping the eye focussed all the time on cross-wires fixed in 
the focal plane of the eyepiece. (2) The short-focus 
telescope has not usually base enough for accurate telemetry 
(the maximum available base being the diameter of the 
objective), or if it should have base enough, the minimmn 
range which it can measure is too great. 

Looked at from the range-finding point of view the problem 
of optical spherometry and focometry is one of excessive 
simplicity. What is required is a range-finder whose prime 
reflectors can be fixed at any distance apart (to furnish the 
adjust~ble base) and at any angle to that base (to furnish the 
adjustable range). 

Fig. 1. 

One arrangement 
perspective in fig. 2. 

Fig. 2. 

is shown in plan in fig. 1 and in 
A, A I are two triangular reflecting 
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~herometer arid Focometer. 93 

prisms forming the prime reflectors supported on stands 
provided with levelling-screws. Slots S, S p are provided in 
the frame-piece D through which pass stout pins P~ pr pro- 
vided with clamping-screws below. B, B r are fixed reflectors 
opposite A and A ~ respectively. C is an extra reflector 
(made into one block with B and B/) so as to reflect the two 
beams upward to the eye. If  now the prime reflectors be 
adjusted for a particular range, the two portions of the object 
viewed will appear in coincidence in the field of' view 
furnished by C. If  the two portions are not in coincidence 
they may be brought into coincidence by translating the 
range-finder to or from the object or image. The instrument 
works in ihct just like a short-focus telescope, the only 
difference being that the correctness of the range is deter- 
mined by observing whether or not the two portions of the 
obiect viewed are in aligmnent. 

The instrument was used to determine the radius of curva- 
ture of a convex mirror by the ordinary method. It is clear 
thai u should be made as large as possible so as to make v 
large. 

The object (a thin rod or slit well illuminated at the back) 
was placed at the extremity of the bank, and the mirror at the 
other extremity ; the R.F. (range-finder) was brought up to 
read (1) the image of the rod, (2) the surface of the mirror, 
(3) the position of the object. Measurement (1) is first done 
because the R.F. should be adjusted on the image so as to have 
maximum available base-length and minimum range (the 
conditions for maximum accuracy). The portion of the 
mirror used was restricted to 10 cm. diameter, so as to make 
the measurements comparable with direct measurements 
made with our spherometer, which has its adjustable point 
5 cm. distant from each of the fixed legs. The R.F. is then 
brought up to within a few cms. of the mirror and the prime 
reflectors are angled until the images appear nearly in 
coincidence, the prime reflectors are then rigidly fixed and 
the R.F. is moved to and fro along the bank until exact coin- 
cidence has been obtained, when the reading on the bank is 
taken. If  the base-length is 10 cm. and the image about 
70 cm. away~ the extreme variations cannot amount to 1 ram. 
and should not amount to more than ½ mm. From fig. 1 it 
will be seen that the R.F. is so constructed that it does not 
itself obstruct the beams forming the two separate images 
provided its distance from the mirror is sufficient (say 8 or 
10 cm.). 

Measurement (2) is effected by suspending a weight by a 
very fine wire so that the wire rests in contact with the 
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94 Prof. W. Stroud o~ a Te l eme t r i ca l  

convex surface. Our mirror was silvered at the back, the 
wire resting against the front glass surface. Under these 
circumstances an image of the wire will be formed by re- 
flexion in the surface. The R.F.  is adjusted (a) on the wire, 

(b) on its image. I f  t is the thickness of the glass, 2-t-t is the 

difference between these readings, from which t can be calcu- 
lated with sufficient accuracy. 

Measurement (3) is effected most conveniently by shifting 
the rod or slit a measured large distance (say 100 cm.) 
towards the mirror, so that the R.F.  can be brought to bear 
upon it. 

The following results were obtained : - -  

u. v. r. r (corrected). 

143"62 

128-79 

118"78 

124"12 

119"12 

26"82 

26"09 

25-66 

2588 

25-67 

65"50 

65"44 

65"46 

65"39 

65"44 

65'37 

65 31 

65.33 

65'27 

6531 

The last column gives the value ~br the radius corrected for 
aberration. The radius of the same mirror measured by our 
spherometer gave 65"31 and 65"37 cm. I t  should be re- 
marked (1) that our spherometer has received a good deal of 
rough usage, (2) that the spherometer measures the curvature 
of the external surface, while the telemeter was used to 
measure the curvature of the silvered surface. Still the 
results show that this telemetrical method is nearly as 
accurate as direct spherometry. 

The constants of a concave lens were next determined. 
One face was obviously concave, the other looked nearly flat. 
The radius of the concave face was first got in this way : -  
the rod, suitably and strongly illuminated, was placed between 
the R.F.  and the concave surface, and roughly adjusted 
so that it and its image were in close proximity near the 
centre of curvature. In other words u and v were made 
nearly equal and the value of each determined. In this case 
we are dealing with a real image and can bring our R.F.  as 
near as we please to the image. 

:Now a little elementary calculation shows that if R be the 
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Spherometer and .Focometer. 95 

range, dR the error in R, B the base, and dO the error in 

angular estimation, then dO= 
B B 

• ~ ;  but R- is practically 

fixed, as its maximum value = P~ where 8, p are the diameter 

and radius of the surface respectively. Hence as dO is 
fixed (-~. 1 minute of are for snapshot naked-eye work and 
--~ ½ minute when great care is taken), dR will he a minimum 
when R is a minimum. To determine the range of a real 
image as accurately as possible, we must then take the 
minimum base and minimum range for maximum accuracy. 
In this case it may be advisable to place on the face of tl~e 
prism a convex lens whose focal length is equal to the range 
required. 

In the case of the lens used 5 = 8  era. p --~ 16 cm.; so that 
R d R = R .  ~- .  dO=2RdO. 

If~ then, dO=~ minute '--  1 and R = 5  cm., then 
• 1 0 , 0 O O  

dR=io lo  ram. 
In order to compete in accuracy ,with this a spherometer 
would require to indicate to ~)10~ ram. In short ,  as a R.F.  
could be constructed to work at much shor%r ranges than 
even 5 cm., there can be no question that for concave sphe- 
rical surfaces the telemetrical method is more accurate than the 
spherometer. 

In this way (though not with a very restricted base, for I 
did not realize at the time that the accuracy would be much 
increased by restricting the base and diminishing the range) 
the radius of curvature was found to be 15"81. A small 
spherometer gave 15"87 cm.-- the lens face was too small for 
the large spherometer previously mentioned; the radius of 
the circle of contact of the small spherometer was only 1" 5 cm.~ 
and as the instrmnent was home-made and only ordinary care 
had been bestowed on cutting the screw, I attribute the dis- 
crepancy to errors in the spherometer. 

The second face when measured telemetrically turned out to 
be very slightly concave, the mean of several measurements 
giving a radius of 3300 em. 

The thickness of the lens can be readily got on the optical 
bank in this way:--The R.F.  stand is so constructed that it 
can be turned through 180 ° about a vertical axis. A fine 
wire carrying a weight at its lower end is supported about the 
middle oi" the bank and readings of its position arc taken with 
the R.F.  i¥om both sides. 
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96 Prof. W. Stroud on a T e l e m e t r l c a l  

The wire is now replaced by the lens and the operation 
repeated with the R.F., the readings for the one face being 
taken fl'om the one side, the readings for the second face from 
the other. 

The differences between the sets of readings for the wire 
and the corresponding sets for the lens gives the thickness 
required. 

The principal points, the focal length, and the refractive 
index can now be obtained in the ordinary way. 

The following results were obtained for the focal length for 
sodium light, u and v being referred to the principal points. 

24"10 

31 '40 

32'13 

35"21 

f. ~. 

29"82 1 "5'276 

29 "87 1 "5268 

U. 

13'83 

15"31 

t5"45 2975 1"51~87 

16"13 29"77 15284 

 e.n ......... 2;,80 I t 

Tile results are remarkably good when it is remembered 
that all the observations are simple naked-eye observations 
without the assistance of any magnifying-power. 

Fig. 3. 

( ~ A  I " ~ 

I 

~ ' ~  - -t3 "''(~ 

Fig. 3 shows in plan another form which the R.F. may 
take. A, A f are, as before, the prime reflectors. The c o r n -  
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Spherometer and Focometer. 97 

posite block of prisms B, B/, and C (figs. 1 and 2) is now 
replaced by a single right-angled polished speculmn-prism C I 
tin'ned edge upwards, as shown in the plan. As it stands, 
this instrument would not be a range-finder at all, but an 
azimuth indicator. A right-angled glass prism P is, however, 
mounted on the stage supporting the reflector A ~, so that the 
beam of light is reversed right for left before falling on Aq 
This converts the instrmnent into a range-finder. The kind 
of appearanee that is presented in the instrument be[ore 
correct alignment has been attaiued is shown by the lines l, 1 ~, 
as seen in the prism C ~. Here the object being observed is a 
line perpendicular to the plane of the figure at some distance 
away in the direction of the arrow. A moment's reflection 
will show that the R.F. is too near the object. To produce 
alignment we should require to move the instrument in the 
opposite direction to that of the arrow. The advantage 
which this arrangemen~ presents over the preceding is that 
the speculum-prism C' obstructs very little of the beams. 
Experiment shows that the accuracy obtainable with it is not 
appreciably different from that obtainable with the instrmnent 
first described. 

Conclusions. 

1. The telemetrical method described is not much inferior 
to a spherometer for measuring the radii of curvature of 
convex and approximately plane surfaces. 

2. The method is superior in accuracy (though not of 
course in convenience) to the spherometer for measuring the 
radii of curvature of concave surfaces. 

3. The method is available for determining all the geo- 
metrical or optical constants of either a convex or a concave 
lens on the optical bank alone. 

APPENDIX. 

In connexion with this subject there remains to be described 
a simple apparatus for measuring optically the radius of cur- 
vature of a convex mirror or the ibcal length of' a concave 
lens. 

I venture to think that it will be found as useful in ele- 
mentary teaching in other laboratories as it has been found at 
the Yorkshire College. 

M is the convex mirror, P is a sllp of silvered plate-glass 
(assumed plane), S is a pin well illuminated or narrow slit 
of light. The plate-glass P is arranged so that its upper 

.Phil. Mag. S. 5. Vol. 45. ~o.  272. Jan. 1898. H 
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98 Prof. John Trowbridge on 

edge is nearly on the horizontal axis of the mirror. Either 
S or P is shifted nearer to or further from M, until the image 
of S in P coincides with the image of S in M, whether viewed 

Fig. 4. 

P 
b 

:E' 

a '8 
, , ' !  

from E or from Eq Under these circumstances u=--a+b, 
v=a--b,  whence ~" can be obtained. As the image formed 
by reflexion in M is smaller than that formed in P, it is 
advisable to use a very narrow slit at 8. 

To determine the focal length of a concave lens, the mirror 
is removed, the concave lens is placed so that its face touches 
the silvered back of P, and is half covered by it. A stout 
vertical rod is placed at some considerable distance behind the 
mirror on the prolongation of the axis of the lens, and the pin 
S is shifted to or from the mirror until the image of the pin 
seen by reflexion in the plane mirror coincides with the 
image of the rod as seen directly through the lens, whether 
we look from E or from E ~. This g]ves the position of the 
virttlal image of the rod~ whence the focal length can be 
calculated. 

The pin or rod can with advantage be replaced by a vertical 
straight edge well illuminated. 

Both these methods will be found very satisfactory for 
elementary students. The apparatus Js very simple, and the 
method seems to me instructive in illustrating the subject of 
parallax. 

¥ I I I .  t]ig]~ Electro~notive Force. 1~/JottN TItOWBI~IDOE*. 

L ORD KELVIN~ in a paper dated April 12,18605, entitled 
" Measurement of Electromotive Force Required to 

Produce a Spark," states that "there is a much less rapid 

* Communicated by the Author. 
t 'Papers on Electrostatics and Magnetism,' Macmillan: London, 

1872. P. 258. 
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